Abstract. This paper introduces tape casting as a new route for the production of isotropic and fine-grained tungsten components. Microstructural and thermal properties of tape cast tungsten samples are determined. Thermal shock behavior according to the thermo-cyclic loading of standing X-ray anodes is investigated and compared to the behavior of a rolled tungsten grade. The development of surface roughness during the thermal shock loading is discussed in relation to the development of the grain structure and crack pattern. The finegrained and stable microstructure of the tape cast material exhibits less roughening under such test conditions.
Introduction
The extensive material research conducted in the field of fusion science has the potential to deliver new approaches and knowledge that could be beneficial for products other than those used in fusion devices. A broad technology scouting on material topics in fusion science indicated, that the thermo-cyclic loads of plasma facing materials (PFMs) in the blanket or divertor of a fusion reactor show similarities to the loadings of accelerator targets and X-ray anodes. In both applications tungsten or tungsten alloys are the preferred materials to withstand short-duration high heat-flux loadings. Especially critical events like edgelocalized-modes (ELMs) and vertical displacements (VDEs) limit the lifetime of PFMs [1] [2] [3] [4] [5] [6] [7] .
The frequencies and power densities are roughly comparable to the load conditions applied to rotating and standing anodes in X-ray tubes [8, 9] . The understanding of the fracture mechanism of tungsten subjected to thermo-cyclic loading [7, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] in fusion applications and the development of new, optimized tungsten grades therefore can also lead to new or improved materials for X-ray anodes.
Studies on the fracture mechanism of rolled tungsten grades revealed that an oriented microstructure exhibits higher fracture toughness in case of transgranular crack propagation perpendicular to the preferred direction of elongated grains [19] , whereas lower fracture toughness and intergranular crack propagation are observed in case of crack propagation parallel to the preferred grain direction. Thereby intergranular crack propagation leads to an increasing critical stress intensity factor with continuously increasing crack length. This is described as a pseudo-ductile R-curve behavior in [11] . Isotropic tungsten grades are also dominated by an intergranular fracture behavior in cases of thermo-cyclic loading and they show improved ductility and a reduction of the ductile-brittle-transition-temperature (DBTT) [7, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] .
Especially fine-grained materials are preferred solutions to withstand thermo-cyclic loadings as they also possess both higher yield and fracture strength and an improved ductility due to a lower concentration of impurities at the grain boundaries [24] . For high temperature applications e.g. in the divertor and the blanket of a fusion reactor, a further option to improve the material is to use thermally stable dispersoids to prevent grain growth in these finegrained microstructures, as shown e.g. by Kurishita et al. [15, 25] .
The production of most of these fine grained, isotropic and thermally stable tungsten grades is currently available only in lab scale amounts and therefore result in small sample sizes. One process to produce special tungsten grades in larger volume is powder injection molding (PIM), which is commercially available at the Energy Research Centre of the Netherlands (ECN) [26] . The process is especially suitable for the production of larger amounts of smaller components with a complex geometry, such as e.g. the divertor tiles [27] .
Tape casting has been proposed by Siemens AG, Germany, as an alternative route for the fabrication of isotropic tungsten. The process is especially suitable for the production of large, flat components like X-ray anodes and targets. As tape casting shows some similarities (shaping of a tungsten slurry/ feedstock that is heat treated afterwards) to the PIM-process, the realization of a fine-grained and isotropic microstructure should also be achievable by this process.
Our contribution describes the technical parameters of processing and the achieved material properties of tape cast tungsten (W-TC). The material is tested according to the load conditions of standing X-ray tube anodes at a heat flux test facility at Siemens Healthcare, Germany. Finally the thermo-cyclic behavior of W-TC is compared to a commercially available (W-ST, Standard), rolled tungsten grade (99.9 % W) produced by Plansee AG, Austria. The reference material is tested analogously at different power densities and number of repetitions of thermal loads.
Tape casting process
The flow of the tape casting process and the sketch of a tape casting equipment can be seen in Fig. 1 . Tungsten powders are mixed with organic additives (Tab. 1) to produce a slurry, which is poured onto a carrier tape. The thickness of the green tape is adjusted by the viscosity of the slurry, the height of the doctor blade gap and the velocity of the carrier tape (Fig. 1) . After drying the green tape in air for 3 hours, where already some of the solvent evaporates, the tape can be formed and cut to size. The maximum available height of the doctor blade gap in this work was 200 µm. In order to produce tungsten samples with a final thickness between 2 mm and 2.5 mm several layers of the original green tape were laminated to thicker sheets by isostatic pressing at 80 °C. Finally, the laminate was cut to size (considering roughly 20 % of volumetric shrinkage) and then heat treated. According to the development of tungsten via PIM by Zeep [28] a powder composition of 50 weight-% tungsten powder with a median particle diameter (D50) of 0.46 µm and 50 weight-% with a D50 of 1.87 µm were mixed with organic additives as listed in Tab. 1. A final organic content of 10 weight-% was realized by iterative mixing and casting experiments aiming at less organic content in the slurry and the avoidance of particle agglomeration. 
Experimental details

Thermal shock test
A test facility for the experimental simulation of thermal shocks according to standing anode load conditions was used at Siemens Healthcare (Fig. 2) . and at a radius of 11.5 mm (Fig. 2b) . Due to the higher thermal diffusivity of W-ST ( Fig. 5) lower peak temperatures were achieved at the surface of the W-ST sample at the same power density (details are reported in section 4.2). For that reason W-ST was also tested at a higher maximum, absorbed power density of 858 MW/m². Due to the reflection and the scattering of electrons only a portion of the applied power density is absorbed by the material. The absorbed power densities are calculated from the applied power densities using an absorption factor of 0.55, which is also used in [14] and deduced from Monte-Carlo simulations.
Measured absorption coefficients of tungsten between 0.48 and 0.66 are discussed in literature [7, 21, 29, 30] . 
Post-mortem characterizations of the tested samples were performed by microscopic means and laser profilometry.
Microscopy
For the analysis of microstructural changes and the fracture pattern in the focal spot scanning electron microscopy was conducted in a field emission microscope JEOL JSM-7600F (FEM) using both secondary-and back-scattered-electron-mode (SE and BSE).
Additional characterization by electron backscatter diffraction (EBSD) was carried out in a microscope JEOL 6490 equipped with a tungsten cathode. The grain size was evaluated from the EBSD measurements. Thereby a grain boundary was defined if the misorientation angle between a measuring point and its five nearest neighbors was larger than 5 ° [31] . According to Mackenzie [32] the misorientation angle is defined as the smallest rotation angle around a common axis, which rotates one crystal into the neighboring one [33] .
The surface of the samples was prepared for microstructural investigations according to the recipe of Manhard et al. [34] before the thermal shock test. The polishing force recommended in this study was increased to 45 N due to the large sample size.
Laser profilometry
Thermal shock loadings may cause deformation and cracking of the samples surface.
The 3D-laserscan-microscope Keyence VK-9700 was used to measure the average surface roughness R a and maximum waviness W z in the focal spot. The measured data were evaluated with the software VK-Analyse-Modul, Version 3.3.0.0 [35] . The different wavelength of roughness and waviness are separated from the raw profile using a cut-off wavelength λ C of 0.08 mm. In that way the effect of surface elevation can be distinguished from short-range effects like e.g. cracking. Fig. 3 describes the procedure exemplarily: R a was calculated from 11 line profiles roughly perpendicular to the major axis of the focal spot (analyzed segment length ≈ 100 µm), whereas W z was evaluated from an area measurement (500 µm × 700 µm), which covered the whole focal spot.
Thermal diffusivity, impurities and density
The thermal diffusivity is one of the key parameters for thermal shock loaded materials as it defines the temperature depended thermal conductivity according to
where ( ) is the thermal diffusivity, ( ) ist the density and ( ) is the specific heat. The peak temperatures of the surface [14] and accordingly the generated thermal strains are related to these parameters. Using the laser flash method [36] the thermal diffusivity was determined in transversal direction of the samples (Fig. 2) . The measurement was performed in vacuum from room temperature (RT) to 1300 °C in a Netzsch LFA 427. In order to reduce laser reflection the samples were roughened by sand blasting before measurement. The density at room temperature ! was measured according to Archimedes` principle with samples submersed in ethanol. The density at a temperature was then calculated via the temperature dependent thermal expansion coefficient of the materials according to:
The temperature dependent thermal expansion coefficient and specific heat is taken from measurements and a database [37] at Siemens Healthcare.
Since too high heating rates or too low gas flow during the debinding process could promote cracking of polymer chains and lead to a residual carbon content in the sample, the carbon content was measured according to DIN EN ISO 9556:2001 in a carbon analyzer CS 800 from ELTRA at the laboratory of H.C. Starck Ceramics GmbH.
Results
Microstructure and properties of as-produced material
A final density between 18.4 g/cm 3 and 18.5 g/cm 3 was achieved in the W-TC samples. The lower density of W-TC compared to the theoretical density of tungsten (19.3 g/cm 3 ) is mainly affiliated to porosity (Fig. 4) . Also a higher carbon content of up to 1600 ppm is measured in that batch of samples. The reference material W-ST shows no porosity and a low carbon content (< 10 ppm).
The density of the W-ST samples is 19.2 g/cm². The thermal diffusivity from RT to 1300 °C is nearly 20 % higher for W-ST than in W-TC (Fig. 5) , indicating a higher amount of defects in W-TC (e.g. pores, impurities), which scatter electrons. W-TC exhibits an isotropic microstructure with a distribution of the grain boundary misorientation angle (Fig. 6) of LAGBs finally explains the much higher deviation from a random distribution than for W-TC (Fig. 6 ).
The grain size distribution was also determined via EBSD analysis. The mean value of the grain size distribution is 4.5 µm for W-TC and 2.7 µm for W-ST in the as-produced condition. 
Thermo-cyclic behavior
Because the peak temperatures in the focal spot could not be measured in the thermal shock test facility it was calculated numerically for W-TC and W-ST by Li et al. [29] . The calculated peak temperature as a function of the absorbed power density is shown in Fig. 7 . 14 The higher magnification in Fig. 9 Hence, a brittle intergranular failure mechanism, with crack distance and crack length increasing with increasing grain size, seems to operate. W-ST exhibits grain growth at power densities above 572 MW/m 2 ( Fig. 8) . The grain size increases with increasing power density and increasing number of load repetitions (Fig.   10 ). Simultaneously to the significant grain growth the misorientation angle distribution changes. LAGBs are reduced in number and a more even distribution of the angle of misorientation develops (Fig. 11) . After 50 repetitions at 715 MW/m 2 ( Fig. 8) excessive grain growth is observed in W-ST. The effect does not fit into the trend of the grain size development at this power density and is affiliated to a short overloading during the adjustment of the electron beam current. Simultaneously to crack initiation at 572 MW/m 2 a second phase develops at the grain boundaries, especially at triple points (Fig. 13) . By XRD-analyses the phase was identified as Fig. 7) is in the range of the melting point of the precipitated carbide phase [40] . Partial melting of this phase could also explain the strongly deformed surface of the samples.
Thermo-cyclic behavior of W-TC
Before cracks are initiated during loading with 572 MW/m 2 the BSE images reflect a distorted grain structure at 429 MW/m 2 and 100 repetitions (Fig. 13) . Additionally the EBSD analysis (Fig. 14) reveals an increase of the number of LAGBs within the existing grain structure at this loading condition. Once cracks are initiated and carbides are precipitated during loading with 572 MW/m 2 , the number of LAGBs decreases again. In contrast to W-ST the material W-TC seems to exhibit grain refinement during this experiment (Fig. 10) . However, it must be taken into account that LAGBs (> 5 °) are formed, which are interpreted as grain boundaries in the EBSD grain size measurement. Furthermore, carbides are precipitated mainly at theses LAGBs and their triple points which also leads to a reduction of the grain size of the tungsten matrix.
Evolution of the surface profile
The evolution of the surface roughness R a and the maximum waviness W z in the focal spot was investigated at that power density at which the first cracks develop with increasing number of repetitions and at nearly the same peak temperature in the focal spot for both materials (W-ST: 715 MW/m 2 ; W-TC: 572 MW/m 2 ). For comparison also the roughness and waviness developing at the highest power density are shown in Fig. 15 and 16 . W-ST exhibits a linear increase of R a with increasing number of repetitions. Simultaneously, as shown before, its grain size increases (Fig. 10 ) and the crack pattern (Fig. 9) evolves. The average roughness R a after 50 load cycles, during which a strong grain growth due to overloading is observed (compare Fig. 8 ), does not fit to this linear trend. The average roughness of W-TC reaches an almost stable value after 50 repetitions (cracking threshold at 10 repetitions) and additional load cycles do not lead to a significant further increase of R a . The evolution of the maximum waviness W z , which quantifies the elevation of the focal spot, differs from that of R a . Whereas it reaches a stable level with proceeding crack development (starting at 10 repetitions) for W-ST, it continues to increase for W-TC. This indicates ongoing plastic deformation in W-TC simultaneously to the generation of cracks. 
Discussion
While tape casting appears to be a suitable route for the production of tungsten components, especially flat ones, with an isotropic and fine-grained microstructure one must carefully monitor porosity and carbon content of the material. Both are to be seen connected to the heat treatment process, during which carbon is dissolved in tungsten, if the binder's polymer chains in the green tape are cracked instead of evaporated. Since lower carbon concentrations can be successfully realized for smaller batch sizes and smaller samples, the gas flow parameters and heating rates in the debinding process have to be adjusted for larger batch sizes. Inspired by the development of PIM for tungsten [28] a higher HIP-pressure is required to eliminate the residual porosity while at the same time keeping the HIPtemperature low enough to prevent undesired grain growth. Since the maximum HIP-pressure was limited to 172 MPa for the available hot isostatic press, our material contains some residual porosity.
Both impurities and pores reduce the thermal diffusivity of W-TC as they act as obstacles to carrier electrons. Porosity also reduces the density of the material. According to equation (1) both a low thermal diffusivity and low density of W-TC reduce the thermal conductivity as compared to W-ST. Therefore, higher surface temperatures are reached in W-TC at a given power density.
1. Modification of the microstructure during thermal loading
The recrystallization behavior of W-TC and W-ST differs strongly. The thermal shock experiment generates high stresses [29] and strain rates during the first microseconds of the beam pulse (Fig. 17) in the material due to the steep increase of the surface temperature and the related thermal expansion of the material. A strong increase of the dislocation density can be assumed in that period, what is an important premise for the formation of LAGBs [41] .
During the remaining time of the thermal shock loading (quasi-steady-state) the strain rate is reduced or even zero at high temperatures, at which diffusion processes become important.
Recovery or recrystallization (finally grain growth) is promoted then. At the beginning of the cooling period the strain rate first increases at high temperature and final decreases to zero with further decreasing temperature. 
Heat up Cool down
The modification in microstructure at loadings above 0.5 T M and high strain rates are often originating from dynamic recrystallization. The dynamically stable grain size D S can be calculated from strain rate and temperature T using the Zener-Holomon-Parameter Z:
where k and n are material constants, is the strain rate, Q is the activation energy for plastic flow and R is the gas constant.
Sakai and Jonas [42] described recrystallization under thermo-cyclic conditions. At high strain rates at lower temperatures (high Zener-Hollomon parameter), where the dislocation For W-TC grain refining is observed. However, this is mainly affiliated to the precipitation of a carbide phase within the initial grain structure. This reduces the grain size of the residual tungsten matrix. Due to the lack of any mechanical treatment in the production process no subgrain boundaries (LAGBs) are formed (Fig. 6 ) and the number of nucleation points is low.
A dynamically stable grain size is already achieved in the production process. A similar resistance against grain growth is mentioned for PIM-tungsten in [43] . [42] . A high Z-parameter (high strain rate, lower temperature) leads to fine, stable grain sizes; a low Z-parameter (low strain rate, elevated temperature) promotes grain coarsening. b) Evolution of the grain size in dependence of the initial grain size D 0 and the Z-parameter.
The thermo-cyclic loading leads to an increase of the proportion of LAGBs within the existing grains (Fig. 14) in W-TC before cracks are initiated. At those loadings the BSEimages ( Fig. 13 ) also reflect an increase of distortions, which is very likely a result of an increased dislocation density and cell formation [41] . As soon as stresses are reduced by crack formation or diffusion is promoted at higher temperatures (due to higher power densities) surface structures are developed within the grain structure. This might on the one hand indicate that recovery processes are then pronounced and reduce the dislocation density by subgrain formation. The surface structures can in this context be understood as small subgrains formed out of dislocation cells. Those subgrains would grow with increasing number of load repetitions and increasing power density. On the other hand, the carbide phase is precipitated at grain boundaries and it is reasonable to assume that also the intragranular surface structures are carbon rich precipitates. Both subgrain formation and precipitation would explain the distinct orientation of the surface structures. Further investigations are needed to explain the substructure formation in detail. Whether or not impurities (higher carbon content) stabilize the grain size of W-TC to some extent cannot be deduced from this experiment.
Fracture behavior and surface roughening
The threshold for cracking of W-ST is at a higher power density than that of W-TC.
One should note, however, that this result is markedly affected by the magnitude of the thermal conductivity, which in turn determinates the peak temperature at a given power density. With regard to the peak temperature both materials exhibit the same cracking threshold. In our work the development of the crack pattern is compared at the same peak temperature.
The fracture behavior of both investigated tungsten grades is influenced by their grain size. As failures are initiated at the grain boundaries, the grain size and the grain boundary length define the distance of initiated cracks and the crack length, respectively. Both increase for W-ST with increasing power density and number of load repetitions. Simultaneously grain coarsening is observed, which reduces the grain boundary density. The larger crack distance in a coarser grain structure leads to a higher concentration of stresses at fewer grain boundaries. This leads to longer cracks at those boundaries. As a consequence the average roughness increases with increasing grain size.
In contrast, the relatively fine grain structure of W-TC is stable at all loading conditions. Accordingly the distance and length of initiated cracks is stable and shorter than in W-ST in the recrystallized condition. More but shorter cracks are generated. As the distance of cracks (related to the grain size) does not change with increasing number of repetitions the surface roughness R a reaches a nearly stable level throughout the development of the crack pattern ( Fig. 15) . At the same time the average roughness is less than in W-ST as the damage is accumulated in more but smaller cracks.
Gludovatz [11] describes the R-Curve-effect in tungsten in case of intergranular crack
propagation. There the bridging of microcracks is an important factor to achieve subcritical crack propagation (pseudo ductility). In fine-grained W-TC the formation of small cracks is pronounced. The final crack pattern in W-TC is also achieved by the bridging of those cracks.
A pseudo ductile fracture behavior is therefore more likely in W-TC. This might explain the proceeding increase of the maximum elevation (W Z ) in the focal spot although cracks are generated. In contrast, no further increase of the maximum elevation in the focal spot is observed at W-ST, which exhibits larger cracks. On the other hand the deformation at high temperature is in particular driven by diffusion (diffusional flow). The strain rate in diffusional flow is inversely proportional to the grain size [44] and suggests a higher deformation by diffusional flow in W-TC. Diffusional flow is also active when stresses are reduced due to crack formation and it can also explain the proceeding increase of the elevation in the focal spot although cracks are initiated.
Conclusion
Tape casting was demonstrated to be a new approach for the production of isotropic, fine-grained tungsten. A comparable microstructure to that of PIM-tungsten was achieved.
Tape cast tungsten (W-TC) and, for comparison, a rolled standard tungsten grade (W-ST)
were exposed to thermal shock loadings by an electron beam analogous to the loading of Xray anodes. The main conclusions are:
-The lack of any mechanical treatment in the production process of W-TC leads to a dynamically stable microstructure, which is characterized by an almost random distribution of the grain boundary misorientation angle. W-TC exhibits no grain coarsening. In contrast, strong grain growth is observed in W-ST, which as-delivered exhibits a high proportion of LAGBs that will act as nucleation sites.
-W-TC and W-ST exhibit the same threshold for cracking with regard to the achieved peak temperature in the thermal shock test. Due to the higher thermal diffusivity of W-ST its cracking threshold is found at a higher power density.
-The development of the surface roughness in the focal spot is strongly influenced by the grain size. Both materials show intergranular crack development. The finer grain size of W-TC leads to shorter cracks and also a shorter distance between these cracks.
The damage is therefore accumulated by more but smaller cracks and the roughness in the focal spot increases less than that of W-ST and finally reaches a stable level. The lower increase of the roughness at W-TC is favorable for tungsten anodes in X-ray tubes, as the increase of roughness is a measure for the dose loss [9] .
-A higher deformation of the focal spot in W-TC may be caused by an increased contribution of diffusional flow to the total deformation in fine-grained materials. But also the R-Curve behavior, described by Gludovatz [11] , seems to be more likely for fine grained materials and explains an ongoing increase of deformation after crack initiation. Further investigations are required to describe the deformation behavior in detail.
-Due to a higher carbon content in W-TC a carbide phase was formed at higher power The next steps in the development of tape cast tungsten will need to focus on the reduction of carbon content and porosity. Both features reduce the thermal conductivity in the first batch of samples. Analogous to the development of PIM-tungsten both tasks seem to be feasible by an improvement of the heat treatment parameters (gas flow in the debinding step, HIP-pressure).
The similarities to the production of PIM-tungsten suggest that dispersionstrengthened tungsten (e.g. by TiC, Y 2 O 3 , HfC) [14, 15] might be potential variants within the development of tape cast tungsten.
